Gamma-ray bursts (GRBs) are probably produced by black hole-disk/torus systems representing magnetized collapsars. We analyze the evolution of these states in response to large-scale magnetic torques. The disk accretion time-scale is of order t f f E k /E B , where t f f is the initial free fall time and E k /E B is the ratio of kinetic-to-poloidalmagnetic energy. For a slowly-spinning black hole, unimpeded hyperaccetion prevails. For a rapidly spinning black hole, magnetic torques from the black hole arrest the inflow and suspend accretion, also driving a baryonic wind from the torus. We identify long/short GRBs with rapidly/slowly spinning black hole systems. HETE-II may detect afterglows from both short and long GRBs, but afterglow line-emission only from long GRBs.
Introduction
The BATSE catalogue shows a broad, bi-modal distribution of GRB durations, with short bursts of about one second and long bursts of about one minute (Kouveliotou et al. 1993; Paciesas et al. 1999) . Collapsing young massive stars have been proposed as a potential GRB progenitors (Woosley 1993; Paczyński 1991 Paczyński , 1997 Paczyński , 1998 Fryer et al. 1999) . These collapsars are expected to produce a black hole-disk or -torus system. The disk will be magnetized, due to seeding from the progenitor's magnetic flux and amplification in rapid differential rotation (Narayan, Paczyński, & Piran 1992; Paczyński 1997; Brandenburg et al. 1995; Hawley, Gammie, & Balbus 1996; Hawley 2000) . The evolution of these systems is governed by radiation of energy and angular momentum in magnetic winds, and interactions between the black hole and the surrounding magnetized matter.
A magnetic disk-wind carries away angular momentum flux J by Reynolds and Maxwell stresses. At cylindrical radius R ≡ r sin θ in spherical coordinates (r, θ, φ) we have
for a radial flow; here v is the wind velocity, ρ is the density and B is the magnetic field. For an outgoing wind, both components of J have the same sign. We will consider winds in the force-free limit, so that just magnetic stresses contribute to J ; this provides a lower limit on the accretion rate of the disk.
In this Letter, we focus our investigation on simple estimates of the time-scales of accretion onto the black hole.
Orbital evolution of rotating, magnetized rings subject to wind torques
Consider a ring of mass δM = 2πRΣδR at radius R, rotating at angular rate Ω in the equatorial plane, and threaded by a magnetic field B. The ring loses angular momentum in a magnetized wind, and may also transfer angular momentum between itself and neighboring rings via turbulent magnetohydrodynamical (MHD) stresses (Balbus & Hawley 1998) . Whether, for a magnetized disk, the external (wind) stresses or internal (turbulent) stresses carry the larger burden of angular momentum transport is presently unknown; we shall consider just the former process, putting a lower bound on the accretion rate.
The "ring wind" becomes radial at large distances, where it approaches relativistic speed. The poloidal magnetic field is B r = −r −2 ∂A φ /∂µ where µ ≡ cos θ and A φ is the φ-component of the electromagnetic field tensor. The magnetic flux through the ring is δΦ = 2πδA φ = 2π(∂ θ A φ )δθ. With open current closure at infinity along surfaces of constant magnetic flux, the current is set by the perpendicular electric field associated with the orbital velocity ΩR, and the DC impedance of an open wave-guide: B φ = −ΩRB r /c. Equivalently, the requirements of magnetic flux freezing and conservation of angular momentum give B φ = (v φ − ΩR)B r /v r , which yields the same asymptotic result when v φ → 0 and v r → c (cf. the wind asymptotics of Goldreich & Julian (1969); Michel (1969) for aligned rotators; for disk winds, see Blandford (1976) ; Lee & Kim (2000) ).
The wind torque δτ B on the ring equals the angular momentum luminosity in the asymptotic wind-zone in steady state. This torque is 4πr 2 δµ times the second term of equation (1), which equals RB φ δA φ , or (cf. eq. (25) in Goldreich & Julian (1969) )
The ring radius evolves as the torque δτ B extracts angular momentum: d(ΩR 2 δM )/dt = (1/2)ΩRṘδM , neglecting mass loss from the ring. For slow evolution (|Ω| << Ω 2 ), the orbits will be near-Keplerian with Ω = (GM H /R 3 ) 1/2 . Thus,
We now discuss how the evolution of a collapsing ring depends on its degree of magnetization and the magnetic wind's geometry.
Accretion time in split-monopole geometry
A split-monopole magnetic field geometry for the asymptotic wind is described by A φ = A(1 − µ/µ 0 ), with µ 0 = cos θ 0 for θ 0 the angle of the innermost streamline with respect to the pole; the outermost streamline is assumed to lie on the equatorial plane. Near the disk, of course, the magnetic geometry would depart from the split-monopole form, as the field lines bend toward the equator to enter individual disk rings. If the wind geometry were to remain unchanged in time, then the wind angle θ associated with a given equatorial ring could be given in terms of A φ . For the split monopole case, sin
, and ∂ µ A φ ≈ −A, assuming θ 0 << 1. The right-hand-side of (3) is then time-independent for a given ring, provided that magnetic flux remains frozen to mass rings in the disk.
We define ̟ ≡ R/R 0 , where R 0 denotes the the initial ring radius, and find for the solution of equation (3) a finite-time singularity: ̟(t; Φ) = (1 − t/t f ) 1/2 . The final collapse time t f can be expressed as t f = (1/4)(δJ 0 /|δτ 0 B |), where δJ 0 = δM Ω 0 R 2 0 and δτ 0 B denote the initial ring angular momentum and torque with angular velocity Ω 0 . The accretion time for a ring is thus one-fourth of its initial instantaneous spindown time.
The initial ring kinetic energy is related to the angular momentum by δE 0
A is equal to the total poloidal magnetic flux divided by 2π. The initial freefall time is t f f = π/(Ω 0 2 √ 2). For R s ≡ 2GM H /c 2 the Schwarzschild radius of the black hole, the collapse time for split-monopole field geometry becomes
In the above expression, we have dropped the superscripts on the energies because their ratio
is an evolutionary invariant. We see in equation (4) that accretion is more efficient with increasing sin θ; outer-disk rings have magnetic field lines closer to the equator than inner-disk rings, providing greater moment arms for the magnetic torque.
The split-monopole geometry for the asymptotic poloidal magnetic field B p is a good approximation when B p is large compared to B φ . As Ω increases, however, winding up of magnetic field lines produces increasingly large toroidal magnetic fields.
Accretion time in a toroidal field geometry
If the stresses from magnetic tension become large enough, then the magnetic flux surfaces lying along poloidal magnetic field lines may be forced to adjust their latitudes such that the toroidal magnetic field in the wind approaches a force-free configuration with B φ ∝ R −1 (cf. protostellar disk winds, e.g. Shu et al. (1995) ). The rotating magnetosphere would then be nearly current-free except along the pole and the equator, with the poloidal pole current I p producing B φ ≈ −2I p /(cR) elsewhere. Once more using B r ≈ −cB φ /(ΩR), we obtain
Here, I p is related to the total normalized magnetic flux A = dµ ∂ µ A φ by
, where R in is the innermost disk radius.
From equation (3), the present force-free-toroidal-field ("FFTF") limit gives ΩRṘ = −(4I p /c)(δA φ /δM ). An assumption of Ω(R) = Ω(R 0 )̟ −3/2 (again using ̟ ≡ R/R 0 ) allows us to find a finite-time singularity solution ̟(t; Φ) = (1 − t/t f ) 2 , where now
Here,
0 . We use the same definitions of E k and E B,s as in the split-monopole case. Note that δE 0 B in FFTF geometry is larger than δE 0 B,s by a factor (5) may be compared to the split-monopole result (4). At the inner edge of the disk, FFTF geometry gives a final time smaller than that obtained in the split-monopole geometry by a factor 4θ 2 0 | ln(θ 0 /2)| << 1. The enhanced efficiency of inner-disk accretion is achieved by the squeezing of poloidal field lines toward the pole by toroidal hoop stresses. At the outer edge of the disk, the ratio of t f from equation (5) to t f from equation (4) is 4(R in /R d ) 3/2 | ln(θ 0 /2)|. This quantity is likely to be of order unity or less, unless θ 0 -the effective beaming angle -is extremely small. Thus, although the inner-disk accretion is greatly enhanced as the magnetic wind becomes more collimated, the outer disk accretion -which determines the overall disk lifetime -is not as sensitive to these geometric changes.
Dimensional estimates
The FFTF and split-monopole results provide, respectively, a lower limit for the inner-disk accretion time, and an upper limit for the outer-disk accretion time, for magnetic-wind regulated accretion. For both, the accretion time (up to a geometrical factor of order ∼ 1 − 10) is given by t f f (R 0 /R s ) 1/2 (δE k /δE B,s ), where the third factor equals (δM/δA φ )(GM H /A). Dimensionally, we may write the minimum inner-disk accretion time as
where g(θ 0 ) = (1 + ln(θ 0 /1 • )/ ln(0.009)) and θ 0 is the angle of the innermost wind field line with respect to the pole. Correspondingly, the maximum outer-disk accretion time is
For the latter expression, we have assumed R d >> R in ; otherwise if R d ∼ R in we would apply the FFTF analysis to obtain a result larger by a factor ∼ 4| ln(θ 0 /2)|, consistent with equation (6). We expect these limits to bracket the interval over which disk accretion takes place.
Disk accretion and black hole spindown times compared
The initial collapse of any fall back material stalls when it reaches a centrifugal barrier, which must be outside the innermost stable circular orbit of the black hole for a black holetorus system to form. A ring spends the greatest portion of its accretion lifetime near its initial radius; during the rapid infall which characterizes its later phase of accretion, magnetic flux is approximately conserved. We shall assume that the initial kinetic-to-magnetic energy ratio δE k /δE B,s ∼ 2πGM H Σ/(B 2 z R 2 ) for all rings takes on a value ∼ 100, based on the numerical results of Hawley (2000) for global MHD accretion disks, and assuming hydrostatic balance in theθ direction.
Time-scale for short GRBs
Applying δE k /δE B,s = 100 in equation (6) or (7) (for a disk of size < ∼ 1000 km), we conclude that the characteristic accretion time will be of order a few seconds -the timescale of short GRBs (Paciesas et al. 1999 ). In this scenario, then, short bursts are the manifestation of hyperaccretion of a fallback disk with relatively small specific angular momentum onto a slowly-spinning black hole.
Time-scale for long GRBs
What, then, accounts for the long-duration bursts? We believe that for these systems, the central black hole is initially rapidly spinning, and the burst persists over the time required for its angular momentum to be extracted. The black hole is subject to spin-down by Maxwell stresses in the Blandford-Znajek (1977) process. Given a horizon flux 2πA H , the black hole torque is
H /c (cf. Thorne et al. (1986) ). To estimate A H , assume that the black hole field strength is comparable to that from the inner part of the disk. The FFTF solution then yields
For comparison, the total angular momentum luminosity from the disk is equal to its total torque dτ B , which for the FFTF solution is L d = Ω(R in )A 2 (c| ln(θ 0 /2)|) −1 . The spindown time t H of the black hole becomes the ratio of its angular momentum 2GM 2 H r H Ω H /c 2 to the torque L H . Here, r H = (2GM/c 2 ) cos 2 (λ/2) is the radius of the black hole horizon; sin λ ≡ a/M is the ratio of specific angular momentum to the maximal Kerr value.
For δE k /δE B,s ∼ 100 as before, and assuming a ∼ M with 2r H = R s , we find
consistent with the timescale of long-duration bursts (Paciesas et al. 1999) . Note that t H is larger than t in by ∼ M H /M d , as magnetic torques on the disk and black hole are comparable, but J H is much larger than J of the inner disk -by a factor of the mass ratio, assuming comparable specific angular momenta, as for a maximally-rotating Kerr hole.
We remark that a black hole mass M H of about 10M ⊙ in (8), formed promptly in the hypernova scenario, is expected in view of the Kerr constraint J H ≤ GM 2 H /c. For prompt collapse of a He-core of radius R He , stripped of its hydrogen envelope and tidally locked with a binary companion of mass m (cf.Woosley (1993); Paczyński (1997) ; Iben & Tutukov (1996) ) with an orbital separation ξR He ,
Here, the central density ρ c is that extrapolated from the He-mantle, withρ denoting the mean density. For canonical values m = M = 20M ⊙ , R He = R ⊙ and ξ = 4, a black hole may form from collapse provided the inequality on the left hand-side of (9) is satisfied; i.e. 1 > 1.3 × 10 3 (ρ/ρ c ) 2 .
This would be true, for example, if the He core is approximately fit by a polytrope with index n = 3, for which the Lane-Emden relationship gives ρ c ∼ 50ρ (Kippenhahn & Weigert 1990) . We also note that helium rich stars tend to be magnetic (Borra et al. 1982) .
Implicit in the association of long GRBs with the spin-down time of the black hole is the continuing presence of the surrounding torus. The nominal accretion time-scale estimated above is far shorter, however. What is the resolution of this paradox? Here, we speculate on a resolution which involves an effect not yet considered: namely, the potential for direct interaction between the black hole and the disk.
Suspended accretion in long GRBs
The black hole is connected to the inner disk by a torus magnetosphere (a closed model in van Putten and Wilson (1999); van Putten (1999) ), which transfers some angular momentum into the disk (cf. magnetosphere-disk interactions of accreting neutron stars and protostars, e.g. Ghosh & Lamb (1978) ; Shu et al. (1994) ). This interaction is apparent from the topological equivalence of a torus magnetosphere with angular velocity Ω to a pulsar magnetosphere with angular velocity Ω H − Ω, when viewed in poloidal cross-section (Fig. 2 in van Putten (1999) ). The ingoing horizon boundary conditions for the black hole system serve as outgoing radiation conditions for the torus magnetosphere, just as the outgoing radiation conditions at infinity do for a pulsar magnetosphere. The presence of a torque from a pulsar wind indicates that a similar, causal interaction, mediated by Maxwell stresses, takes place between the black hole and the torus. The latter can be attributed to a Poynting flux emanating from the horizon by the Blandford-Znajek mechanism (1977) . Similar to equation (2), therefore, the black hole torque on the torus satisfies (adapted from Thorne et al. (1986) )
for a flux-tube of closed field-lines between them (counting both above and below the midplane). These torques are likely to be important to the evolution of the torus, by inhibiting accretion onto the black hole (van Putten 1999).
The total black hole torque on the torus, τ + , depends on the number of closed field lines in the torus magnetosphere which attach to the horizon. With time, the inner disk approaches the horizon, tending to increase A H . The total torque applied by the disk wind to the torus, −τ − , varies depending on the total open flux from the torus (which may decrease in time from accretion), and the torus's angular velocity. If the closed torus flux is sufficiently large compared to the open torus flux, then an equilibrium state τ + ∼ τ − may be reached. At this point, accretion of the inner disk onto the black hole would stall. This equilibrium should be stable, since τ + decreases with increasing R: if the torus gains (loses) angular momentum, it moves outward (inward) and reduces (increases) τ + . Note that oscillations in the radius of the torus about this equilibrium may give rise to intermittancy.
The black hole spindown proceeds on essentially the Blandford-Znajek timescale (8); the difference is that now the torus may be a mediator for some portion of the angular momentum luminosity.
More quantitatively, integration of (10) over the field-lines penetrating the horizon gives the net torque on the torus by the black hole as τ + ≈ (Ω H − Ω)A 2 f 2 H /c, while the wind torque is now
Here, A is now (2π) −1 times the total torus magnetic flux, and f H and f w are the fractions of A passing through the inner and outer light surfaces, respectively, so that f H + f w ∼ 1/2 − 1. The torus, "sandwiched" between the black hole and infinity, obeys an evolution equation
If the torus is thick and at a radius R in close proximity to the black hole (at
Early on, f H << 1, and this equation will not be satisfied. Beginning near the midpoint of accretion when f H > ∼ f w , and provided that Ω H is initiated close to its maximal value, accretion may be suspended for an interval ∼ t H , until the value of Ω H drops below the critical value. Since in the "suspended" state, the torus gains and loses almost equal quantities of angular momentum, significant baryonic matter may be carried off in the wind.
Discussion and comparison with observations
In this paper, we revisit the black hole-plus-disk magnetized collapsar model, with a focus on bulk disk dynamics rather than the specifics of a particular burst mechanism. We consider disk evolution in the situation where external "wind" torques associated with large-scale, open magnetic fields dominates the internal "turbulent" torques. We show that, under the sole influence of wind torques, the evolution of any disk ring ends in a finite-time singularity; the overall disk accretion time is relatively insensitive to magnetic wind geometry. If the central black hole is rapidly spinning, it can transfer angular momentum to the disk by magnetic torques, countering the effect of the wind torques and arresting the disk's accretion. The burst then persists for the spindown time of the black hole.
For both our hyperaccretion (short GRB) and suspended-accretion (long GRB) models, most of the energy is liberated in the innermost regions. Short and long GRBs are thus expected to have similar intrinsic fluxes, although the latter should be somewhat more powerful. We thus expect short GRBs, as well as long GRBs, to produce afterglows (unless the environments of high-and lowangular momentum progenitors differ appreciably). This may be tested by the upcoming HETE-II mission, which is expected to detect short bursts at a rate of one per month.
Recently, the first evidence of afterglow-associated line-emission has been observed in GRB 970508 (Piro et al. 1999) . This potentially represents a "third" cornerstone in GRB phenomenology, next to their cosmological origin and afterglows, provided that it reflects progenitor matter. The present theory predicts that suspended accretion in long bursts blows off some of the accreted matter on the torus to infinity by the powerful black hole-torques. We associate this baryonic wind with line-emitting regions for long burst systems; they are expected to be less powerful in short GRBs.
